
i,

d

r

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS I

\

TECHNICALNOTE3153

VARIATION OF LOCAL LIQUID-WATER CONCENTIUTION ABOUT AN

ELLIPSOID OF FINENESS IWTIO 5 MOVING IN A

By

DROPLET FIELD

RobertG. Dorsch and RinaldoJ.Brun

Lewis FlightPropulsionLaboratory
Cleveland,Ohio

Washington

July 1954

)
_J :

1

I

I

j

I
I

1-

1
I
,

I
,

I
I
(

1

I

I
I

---- .+ .—.—- .-.



TECHLIBRARYKAFB,NM

NA!l?IONALADVISORYCOMMITTEE
Illll!llnlllmllo

FORAERONAUTICS C10L584q

TECHNICALNOTE3153
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FINENESSRATIO5 MOVINGINA DROPLETFIELD

ByRobertG.DorschandRinaldoJ.Brun

Trajectoriesofwaterdropletsaboutan ellipsoidofrevolutionwith
a finenessratioof5 (whichoftenapproximatestheshapeofanaircraft
fuselageormissile)werecomputedwiththeaidofa differentialana-
lyzer.Analysesofthesetrajectoriesindicatethatthelocalconcentra-
tionof liquidwateratvariouspointsaboutanellipsoidinflight
througha dropletfieldvariesconsiderablyandundersom conditionsmay
be severaltimesthefree-streamconcentration.Curvesofthelocalcon-
centrationfactorasa functionofspatialpositionwereobtainedandare
presentedh termsofd@nsionlessparametersReo(free-streamReynolds
number)and K (inertia),whichcontainflightandatmosphericconditions.
Thesecurvesshowthatthelocalconcentrationfactorat”anypointis
verysensitiveto changeinthedimensionlessparametersReO and K.
Thesedataindicatethattheexpectedlocalconcentrationfactorsshould
be consideredwhenchoosingthelocationof,orwhen&te~@ ~ti-
icingheatrequirementsfor,water-er ice-sensitivedevicesthatprotrude
intothestreamfromanaticraftfuselageormissile.Similarly,the
concentrationfactorshouldbe consideredwhenchoostigthelocationon
anaircraftof instrumentsthatmeasureliquid-watercontentordroplet-
sizedistributionintheatmosphere.

INTRODUCTION

Itisgenerall.yrecognizedthatanaticraftmovingthrougha cloud
alterstheconcentration,ofclouddropletsintheimnediatevicinityof
theaircraft.Forexample,thepeculiardistributionsof iceoftenfound
onaircraftantennasupportarmsor onpitotstatictubestiterflight
throughsupercooledcloudssreindicationsthattheconcentrationofliq-
uidwaterinthevicinityofthefuselageisconsiderablyalteredby the
airflowaboutthefusekge. Thiseffectisill.ustratedbythephoto-
~aphsoffigure1,whichshowiceformedon instrumentsupportrods
mountedonthesideandbottomofthefuselageofa B-25aircraftduring
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2 NACATN 3153

flightthrougha supercooledcloud.As tmiicatedby theiceformations
offigure1,thereisfrequentlya regionofreduced(orzero)droplet
concentrationnexttotheaircraftsurface,followedby a narrowregion
of greatlyticreaseddropletconcentrationfartherout. Beyondthenarrow
regionofhighconcentration,thedropletconcentrationgraduallyde-
creasestowardthefree-stresmvaluewithincreaseh distancefromthe
surfaceoftheaticraft.

A knowledgeofthisspatialvariationoflocal.dropletconcentration
aboutan aticraftormissileduringflightthroughclouds,drizzle,or
rainisoftenimportantwhenchoosingthelocationofdeviceswhichpro-
trudeintothestreamorwhendetermidngtheheatrequtiedtoprotect
thedevicesfromice. Examplesof suchdevicesare: (1)water-or ice-
sensitiveexternalaccessoriesandaircraftinstrumentsensingelements,

[
2) intakeductsandvents,(3)antennamasts,(4)icedetectors,and
5) instrumentsformeasuringliquid-watercontentanddroplet-sizedis-
tribution.Inaddition,atplaceswherea bodyofrevolutionjoinsan
atifoil(e.g.,wherea rocketpodisattachedto a wing),thelocalim-
ptigementofclouddropletsontheairfoil,andthereforetheheatre-
quiredforiceprotection,willbe alteredbytheeffectofthebodyof
revolutiononthelocaldropletconcentration.Similarly,dropletim-
pingementon objectsmountedona wingwiUbe affectedlythevariation
indropletconcentrationcausedby theairflowaboutthewing.

Aspartofanevaluationoftheeffectoftheair-flowfieldonthe
dropletconcentrationaboutanaircraftormissileinflightthrougha
dropletfield,a studyofthedropletconcentrationabouta prolateel-
lipsoidofrevolutionofftienessratio5 wasundertaken.An ellipsoid
ofrevolutionwaschosenbecauseitisa goodapproximationoftheshape
ofthefuselageofmanyaircraftandmissiles.Droplettrajectories
abouttheellipsoidoffinenessratio5 inaxisymmetric,inccmq?ressible
flowwerecalculatedwiththeaidofa differentialanalyzerattheNACA
Lewislaboratory.Droplettrajectorieswerecalculatedasfarbackas
themidpointoftheelLipsoidandasfaroutintheradialdirectionas
1.6timesthesemiminoraxis. Thesetrajectorieswereanalyzedto deter-
minetherelationbetweenthedropletconcentrationatvariouEpointsin
spaceandthefollowingvariables:ellipsoidlengthandvelocity,dxoplet
size,andflightaltitudeandairtemperature.Theresultsoftheanaly-
sesaresummarizedh thisreportintermsofthedimensionlessparameters
ReO and K,whichcontainthesevariables.Althoughthecalculations

weremadeforincompressibleflow,theyshouldbe applicablethroughout
thesubsonicregionbecauseofthesmalleffectof compressibilityon
droplettrajectories(ref.1)andthehighflightcriticalMachnumberof
theellipsoid.
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Thefollowingsymbolsareusedinthisreport:

A

c
wg

, o-a d

dmed

F

K

K mea

L

N

n

no

Reo

‘eO,med

r,z

‘s

r.

u

u

annularareaperpendiculartomajoraxisthroughwhich
fluxisflowing,Sqft

localconcentrationfactor,d(r~)/d(r2),dimensionless

dropletdiameter,microns

volume-mediandropletdiameter,microns

fluxdensityofliquidwater,lb/(hr)(sqft)
.fifi

droplet

inertiaparameter,1.704X10-Ldd%/pL,dimensionless[the
densityofwater,1.94slugs/cuft,isincludedinthe
constant]

inertiaparameterbasedonvolume-mediandropletdiameter,
dimensionlesss

majoraxisof ellipsoid,ft

localdropletflux,number/(cm2)(sec)

localdroplet-nuniberdensity,number/cc

free-streamdroplet-numberdensity,nuniber/cc

free-streamReynoldsnumber
@aU/p,dimensionless

free-streamReynoldsnunber
diameter,dimensionless

withrespecttodroplet,4.813X10-6

basedonvolume-mediandroplet

cylindricalcoordinates,ratiotomajoraxis,dimensionless

ordinateof ellipsoidsurface,ratiotomajoraxis,
dimensionless

startingordinateat z = -= ofdroplettrajectory,ratioto
majorexis,dimensionless

free-streamvelocityorflightspeed,mph

localairvelocity,ratiotofree-streamvelocity,dtiensionless
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localairvelocity,mph

localdropletvelocity,ratiotofree-streamvelocity,dimensionless

localdropletvelocity,mph

localliquid-watercontent,g/cum

tidicatedliquid-watercontent,g/cum

free-streamliquid-watercontent,g/cum

viscosityofair,slugs/(ft)(sec)

densityofair,slugs/cuft

dMferencebetweenlocalair-anddroplet-velocitycomponents,
dimensionlesss

—

Subscripts:

av averageofquantityoversreaA

r radialcomponent‘

z axialcomponent

o free-streamconditions

METHODOFCOMPUTINGDROF%ETTRAJECTORIES

Thedroplettrajectoriesabouttheellipsoidofrevolutionoffine-
nessratio5 (20percentthick)werecalculatedwiththeaidofa differ-
entialanalyzerinthesamemannerasthoseofreference2,exceptthat
emphasiswasplacedonthebehaviorofthedroplettrajectoriesinthe
spacearoundtheellipsoidratherthanon theimpingementofdropletsupon
theellipsoidsurface.Thetrajectorieswerecomputedoutto r = 0.16
at z = O (fig.2),andallnonimp@@g trajectorieswerecomputedback
asfarasthemidpointoftheellipsoid(z= O). Trajectorieswerecal-
culatedinthez,rplaneforvariousvaluesoftheparameterl/K from
0.1to90sndvaluesoffree-streamReynoldsnmiberReo fromO to 8192.

lhorderthatthesedtinsionlessparametershavemorephysical.sig-
nificanceinthefollowingdiscussions,sometypicalcouibinationsof K
and Reo arepresentedintableI intermsofthelengthandthevelocity
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oftheellipsoid,thedropletsize,andtheflightressureal-titudeand
temperature. rA typicalBetoftrajectoriesfor 1 K = 15 and ReO= 128
isshowninfigure3.

Theincompressible,nonviscousair-flowfieldusedincalculating
thedroplettrajectoriesabouttheprolateellipsoidofrevolutionwas
obtainedfromtheexactsolutionoftheLaplaceequationh prolateel-
lipticcoordinatesgivenbyhti (ref.3). Thedetailsofobtainingthe
velocitycomponentsinthez,rplanefromtits potentialfunctionare
giveninreference2.

RESULTSOFTRAJECTORYCOMPUTATIONS

A seriesof droplettrajectoriesaboutanellipsoidofrevolution
witha finenessratioof5 (20percentthick)inmibsonicaxisymetric
airflowwascomputedforvariouscombhationsofthedimensionlesspa-
rametersl/K SJld&(). (Aprocedureforrapidcalculationof l/K and.
Reo frompracticalflightconditionsisgiveninref.4.) Fromthese
trajectories,thevariationofdropletconcentration[orfluxdensity)
withradialdistancefromtheellipsoidwasdeterminedatthreepositions
alongthe=is oftheellipsoid.

AverageMassFluxDensityofWaterinDropletForm

Theaveragemassfluxofwaterindropletformperunitareathrough
anannularareaof space(ofwidthr2 - rl,(fig.2))perpendiculzm
tothemajoraxisoftheellipsoidisobtainedfromthelawof conserva-
tionofmatter.Considertheliquidwaterindropletformmovingbetween
twosurfacesformedbyrotattigtwoneighbortigtrajectoriesinther,z
planeabouttheaxisoftheellipsoidas showninfigure2. Then,

and

(1)

(2)

ThesubscriptO refersto conditionsatlargedistancesaheadof
theellipsoid(free-streamconditions),andthesubscriptav refersto
theaverageofa quantityovertheannulararea A. Theannulararea A
ismeasuredina planeperpendiculartothemajoraxisoftheellipsoid
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(fig.2). Fromequation(2),theaveragefluxdensitythrough
area A ora sectoroftheannulararea A canbe writtenas

Fav=

Theconstsmt0.33 isa

Cwves of r: as a

A(r~)
0.33WOU— lb/(hr)(Sqft)

A(r2)

conversionfactorfortheunitsused.
9

an annular
follows:

(3)

mo
A

functionof r& m
forvariousvaluesof ReO and

l/K at constantz positionscorrespondingtothemidpointregion
(z= O),a position1/4majoraxislen@hfromthenose(z= -0.25),and
thenoseregion(z= -0.5),whichwereobtainedfromthecalculated
droplettrajectories,arepresentedinfigure4.

Equation(3)andfiglme4 canbe used,forexample,to determinethe
averagemassfluxdensityofwaterindropletformpassingthrougha sec-
torofanannulararea A suchastheentranceareaofa smaIlthin-
lippedinlet(withinletvelocityratioequalto1)attachedtotheel-
lipsoidmov5ngatvelocityU througha dropletfieldwitha liquid-water
contentof Wo.

LocalLiquid-WaterFluxDensity

Thelocalmassfluxofwaterh dropletformperunitareaperpen-
diculartothemajorsxisat a pointimthevictiityofthemovingellips-
oidcanbe obtainedfromequation(3)by lettingA(r2) approachzero.
Then

(4)F =0.33wOUC,lb/(hr)(sqft)

where

c = d(r~)/d(r2)

ThelocalconcentrationfactorC ata pointh spaceisobtainedfrom

theslopeofthecurvesof r2 asa functionof r2 (fig.4)atthe
o

pointof interestforthe Reo and K couibinationbeingconsidered.

Theconcentrationfactorasa functionof r forselectedvalues
of Reo and K at z = O, z = -0.25,and z = -0.5 isgivenin

—. — — .



NACATN 3153 7

figure5. Examinationoffigure5 showsthattheconcentrationfactor
approaches1 (free-streamvalue)at largevaluesof r forall z posi.
tions.At Z = -0.50, theconcentrationfactordecreasestovaluesless
than1 forsmallvaluesof r. At’thez = -0.25and z = O positions,
theconcentrationfactorincreasesfromvaluesnear1 atlargevaluesof
r topeakvaluesat small.valuesof r. Inaddition,formostvaluesof
Reo and K at the z = -0.25and z = O positions,thereisa region
of zeroconcentrationbetweenthesurfaceoftheellipsoidandthepeak
valueoftheconcentrationfactor.Becauseofrelativelylowaccuracyin
obtainingvaluesoflocalconcentrationfactorgreaterthan4,theaverage
valueof C overan r intervalof 0.001or 0.002units(asindicated
by a bracketinthefigure)isgiveninsteadofthepeakvaluewhenever
thepeakvalueisgreaterthan4.

h ordertodetermineC forvariousvaluesof Reo and l/K not
giveninfigure5, itisnecessaryto interpolateoretirapolatethedata.
Thepeculiarvariationof C with Reo and l/K makesthisinterpolation
orextrapolationdifficult.Therefore,asanaidininterpolationand
extrapolation,thepeakvalueof C offigure5 forthe Z.oa,nd
z = -0.25positionsisplottedasa functionof l/K forconstsatReo
h figure6. Althoughpeakvaluesof C greaterthsm4 werenotpre-
sentedinfigure5 becauseoftheirrelativeinaccuracy,theyareusedin
figure6 inordertofacilitateinterpolationandextrapolation.k addi-
tion,the.r positionofthepeakvalueof C at z = O and z = -0.25
isplottedasa functionof l/K forconstantReo infigure7. With

theuseoffigures6 and7,thepeakvalueof C andits r position
canbe determinedforthevalueof ReO and l/K of interest.Withthe
positionandvalueofthepeakobtainedbythis”method,theremaining
portionofthecurveof C asa functionof r canbeobtainedbyusing
theshapeofthecurvecorrespondtigto thenearestvaluesof Reo and

l/K asa guide.

Thelocalliquid-watercontentingramspercubicmetercanbe ob-
tainedatanypointinspaceby dividingthedropletfluxby thez-
componentofthelocaldropletvelocityatthatpoint:

Wou
w= ~C, g/cum (5)

z

Inasmuchasthez-componentofthelocaldropletvelocityat a given
pointinthevicinityofa bodyofrevolutionisnotreadilydeterminable,
itisusuallynecessarytoestimateitfromthelocalairvelocity.The
differencebetweenthedimensionlesslocalair-anddroplet-velocitycom-
ponentsasa functionofradialdistancer atthe z = O positionof

— .— — — —.



8 NACATN 3153

theellipsoidisshowninfigure8. Examinationofthisfigureshows
thatthedimensionlesslocalair-anddroplet-velocitycomponentsabout
anellipsoidoffinenessratio5 areoftenverynearlyequalatthe
z = O position.Examinationoftheair-flowfieldabouttheellipsoid
(ref.2)andfigure8 showsthatat z . 0 theratioU/v~ isw-y

nesrlyequalto 1 (within6 percent).

LocalDroplet-NumberFluxDensity

By reasoningsimilarto thatoftheprecedtigsection,thelocal
droplet-nuuiberfluxdensityata pointinthevictiityoftheellipsoid
movingthrougha dropletfieldcanbe writtenh theform

N= 44.7n@C,numiber/(cm2)(sec) (6)

The constant44.7 isa conversionfactorfortheunitsused. The
concentrationfactorC isobtainedfromfigure5.

If,insteadofthedroplet-numberfluxdensity,theinstantaneous
nuriberof dropletsperctiiccentimeterat a pointinspaceinthevicti-
ityoftheellipsoidisdesired,thenthelocalfluxdensityatthepoint
mustbe dividedby thez-componentofthelocaldropletvelocityatthe
point. Thatis,

Ilou
n.— C,number/cc

v’z
(7)

Again,
UnJmow-n,it

sticethez-componentofthelocaldropletvelocityisusually
mustbe estimatedfromthelocalairvelocityatthatpoint,

as discussedh theprecedingsection.

8hadowZone

Theregionof zeroconcentrationadjacentto thesurfaceoftheel-
lipsoid,whichisevidentinfigure5,willbe calledtheshadowzone.
Thisregionisprotectedfromdropletpenetrationbytheair-flowchar-
acteristicsaheadofandinthevictiityoftheforwardpositionsofthe
ellipsoid.Thethickness(r- rs)oftheshadowzoneateach z position
ofthebodyforvariousReO and K valuesisgiveninfigure9. Gen-
erally,thethicknessoftheshadowzoneincreasesas z approachesO.
Theshadow-zonethiclmessisO atthenoseforallvaluesof Reo and
K showninfigure9 andbecomesoffinitethicknessata z position
thatdependson Reo and K.
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lkcal.Concentrationh CloudswithNonuniformDropletSize

Thedatapresentedh figures4 to9 applydirectlyonlytoflights
inclouds,rain,ortiizzlecomposedofdropletsthatarealluniformin
size.Thedropletsencounteredintheatmosphereatanyinstantmay,
however,be ofmixedsizes.Therefore,ifthefree-streamdroplet-size
distributionisknownor canbe estimated,thedatamustbe accordingly
modified(orweighted)beforethelocalfluxdensityofliquidwaterata
pointinthevictiityoftheellipsoidcanbe found.

Fornonuniformdroplets,thelocalfluxdensitycanbedetermined
fromeqyations(4)or (6)by usingtheweightedvalueoftheconcentration
factorC thatcorrespondstothedroplet-sizedistiilnrtionpresentin
thecloud.Theweightedvalueof.C canbeobtainedby plottingC for
eachdropletsizeh thedistribution(basedonvaluesof l/K and ReO
correspondingto eachdropletdiam.)asa functionofthecumulative
volume(inpercent)ofwatercorrespondingtoeachdropletsizeandin-
te~atingtheresultantcurve.Thedetailsofthismethodofweighting
aregiveninreference20

Theeffectofdroplet-sizedistributionontheconcentrationfactor
isillustratedinfigure10. ~ thisfigure,thevariationwith r of
theconcentrationfactorabouttheellipsoid,atthe z = O positionfor
flightthroughcloudswitha kngmuir “C” droplet-sizedistribution
(ref.5,reproducedtitableIIherein),iscomparedwiththatforflight
throughcloudswithuniformdropletshavinga diametereqpaltothevolume-
mediandiameterofthe “C” distributionineachoffourcases.

Asthedroplet-sizedistributionbecomesbroader,thepeakvalueof
theconcentrationfactorconsiderablydecreasesandtheformershadowzone
becomesanareawitha small(butticreasingwith r) concentrationfac-
tor,ratherthanonewithzeroconcentrationfactor.

DISCUSSIONOFRESULTS

Thevariationoflocalconcentrationfactorwithspatialposition
and Reo and l/K presented3nfigure5 indicatesthatthedropletcon-
centrationh thevicinityoftheellipsoiddiffersconsiderablyfromthe
free-streamconcentration.Undersomecircumstances,thelocal.droplet
fluxperunitareamayvaryfromO to manytimesthefree-streamvalue
withina shortdistance.As showninfigure10,thiseffectisgreater
fordropletsofuniformsizethanforcloudswitha distributionofdrop-
letsizes,becauseofthepartial“averagingout”ofmaximumandminimum
regionsfordropletsofvaryingsizes.b addition,theconcentration
factorisverysensitiveto smallchangesin l/K and Reo,ascanbe

—.
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to l/K and Reo isbroughtout

vslueof concentrateionfactorwith
Figure6 showsthatat z = -0.25

z = O,thereisa narrowregionof l/K foreach Reo inwhichthe
valueof concentrationfactorislarge.Forvaluesof l/K larger

or smallerthanthoseinthenarrow-peakregion,thepeakvalueofthe
concentrationfactordecreasesrapidly.

Thevariationofconcentrationofliquid-watercontentwith z and
r position,droplet-sizedistribution,and l/Kindand Reo,md in-

dicatesthatcareshouldbeexercisedinlocatinginstrumentsensingele-
mentsandsma12Wets orventsthatprotrudefromthesurfaceandare
sensitiveto impingingwateror iceformation.H possible,theyshould
be locatedwherea minhumconcentrationfactorexists.Whenit isnec-
essarytoprovideiceprotectionfortheseprotuberances,consideration
shouldbe giventotheconcentrationfactorsexpected.Insomecases,
partofthedevicemayaccumulateiceata ratewhichwouldbeseveral
timesthatexpectedfromthefree-streamliquid-watercontent.

Whenestimattigtheeffectofa bodyofrevolutionondropletflux
initsvic3nityfromthedatacalculatedfrcmtheellipsoid,thedegree
ofaerodynamicandphysicalsimilaritymustbe considered.Theslopeof
thesurfaceatthe z positionof interest,thebluntnessofthenose,
andsuddenchangesinslope,suchasthoseduetowindshields,arepar-
ticularlyimportant.

ComparisonwithObservedIcingDeposits

Qualitativeobservationsof iceformationsonaircrsftpitottubes,
antennasupportarms,andothershaft-likeprotuberancesintotheair
streambearouttheshapeofthecurvesshowninfigure10. E.msmuch.as
theconcentrationfactordeterminestheshapeoftheiceformationona
rodof smalldiameter(greaterthan90-percentcold.ectionefficiency),
thesecurvesgivedirectlytheshapeoftheexpectediceformationon such
a rodlocatedattheindicatedpositions.Thethicknessoftheicefor-
mationwoulddepend,of course,onthevelocity,liquid-watercontent,
andtimeofexposure.Thecurveoffigure1O(C)wascalculatedforvalues
of ReO,md~l/~d> ~d z positioncomparabletothoseexistingwhen
thesupportrodsshowninfigure1 wereiced.A comparisonofthecurve
offigure1O(C)withtheshapeoftheiceonthesupportrodsshowsthat
thereisgoodqualitativeageementbetweenthecalculatedconcentration
ofliquidwaterandthatindicatedby anactualiceformation.
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Hfect of

U

LocalConcentrationFactoronLiquid-Water-Contentand

Droplet-Size-DistributionMeasurements

Mostatmosphericliquid-water-contentanddroplet-size-distribution
measurementshaveteenmadefromaircraftinflight.Formechanicalrea-
sons,themeasurementshavefrequentlybeenmaderatherclosetothefuse-
lage.Forthisreason,measurementsof liquid-watercontentanddroplet-
sizedistributionareaffectedby thelocalconcentrationfactoratthe
pointofmeasurementandmaynotindicatethedesiredfree-streamvalues.

Liquid-water-contentmeasuringinstrumentswithhim collection
efficiency.- Forliquid-watermeasuringdeviceswithhighcollectionor
samplingefficiency(over95percentformostconditions),whichessen-
tiallymeasurelocalfluxdensitydirectly,theindicatedliquid-water
contentobtainedby usingthefree-streamvelocitywillbe highor lowin
proportiontotheweightedconcentrationfactor,as canbe seenfromthe
followingrelation:

wi = F/O.33U= WOC,g~cum (8)

Ifthez-componentofthelocalairvelocityu~ isusedinstead

ofthefree-streamvelocityinthecalculationofliquid-watercontent,
then,

F/O.33u’=
‘i =

wo(U/u’)C,g/cum
z z

(9)

Equationssimilarinformto equation(8)areoftenusedforliquid-water-
contentcalculations,becausefrequentlytheonlyvelocityknownisthe
airspeedoftheaircraft.

Examplesof instrumentsofthistypearetheorifice-typeictig-rate
meters(refs.6 and7),theheated-wireliquid-water-contentmeter
(ref.8),andcloud-dropletcameras(refs.9 and10). Thephysicalar-
rangementoftheseinstrumentsisoftensuchthattheproblemof instru-
mentlocationonanaircraftisparticularlyimportant.Thepointof
measurementoftheseinstrumentsmaybe as closeas 6 to 12 inchesfrom
thefuselage.Fortunately,manyofthemeasurementsofliquid-watercon-
tentthathavebeentakenwithinstmmentsofthistypehavebeenmade
fromaircraftoftheorderof 100feetlongatvelocitiesoftheorderof
300mph. Theseconditions,alongwithclouddroletsoftheorderof 20
micronsb diameter,give Reo rof128.7and 1 K of 165.6ata pressure
altitudeof15,000feetandanairtemperatureof1°F. Examinationof
figure5 atthe z = O position(whichiscomparableto thepositionon
an aircraftfuselageatwhichtheslopeofthesurfacebecomesO) indi-
catesthat,~ allthedropletsare20microns,theconcentrationfactor

— ..- —
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is1.26at6 inchesfromthesurfaceoftheellipsoid[r= 0.105)and
1.17at 12inchesfromthesurface(r= O.11).Ifa “C”distributionof
dropletsizesispresentwitha volume-mediandropletsizeof 20microns,
thenthevariationoflocalconcentrationwith r fortheellipsoidwould
be as giveninfigure10(d),whichshowsthattheweightedconcentration
factorat 6 inchesfromthesurfaceis1.26andat 12 inchesis1.14.
Thus,ifan icing-ratemeterweremountedatthe z = O positionona
100-foot-longellipsoidoffinenessratio5, itwouldmeasurea liquid-
watercontentoftheorderof 26percenthighat 6 tithesand14to17
percenthighat12 inches.Inaddition,inasmuchasthesecalculations a
srebasedonaxisymnetricflow,anyyaw3ngmotionoftheellipsoidin 3m
flightwillintroducea time-dependentvariationofthelocalconcentra-
tionfactorthatwoulclbedifficultto calculate.Whiletheeffecton
theconcentrationfactorh theprecedingexamplewasmodest(oftheor-
derof15to 30percent),thepictureisalteredconsiderablyif,forthe
precedingexample,thedropletsizeis60 insteadof20micronsandthe
droplet-sizedistributionisuniform.Then,Reo= 386.1and l/K= 18.4,
andtheconcentrationfactoratthe z = O positionand6 inchesfromthe
surfaceis0,amlat12 inchesfromthesurfaceitisabout2.8. !ChUs,
atthe6-inchpositiontheindicatedwatercontentfortheseconditions
is0,andatthe12-3nchpositionitis280percenttoohigh. If,in-
steadofuniformdroplets,a “C”distribution(tableII)oftiopletswith
a volume-mediansizeof 60micronsispresent,thentheconcentration
factoratthe z = O positionatdistancesof 6 and12 tithesfromthe
surfaceis0.24sad1.3,respectively.Theseexamplesillustratethe
sensitivityoftheconcentrationfactorneartheellipsoidsurfaceto ,
changesinthephysicalenvironmentandthehportanceofavoid3ngtaking
measurementsofliquid-watercontentina comparableregioninthevi-
cinityofanaircraft,asthecorrectionoftheindicatedwatercontent

*

tofree-streamcontentwould.be veryinvolved.

Rotatingmulticylinders.- H theliquid-water-contentmeasuringde-
vicehasa lowcollectionefficiency(whichvarieswithdropsizeand
flightcondition),ordependsona differenceincollectionefficiency
amongitscomponentparts,orboth,as dorotatingmulticyltiders(refs.
11ad 12),thesituationismorecomplicated,becausethetidicatedwater
contentwiU notnecessarilyvarydirectlywiththeweightedconcentration
factoratthepointofmeasurement.Thisistruebecausetheamountof
dropletfluxinterceptedbyeachcyltiderdependson itscollectioneffi-
ciency.Thecollectionefficiencyinturndependsonthedropletveloc-
ity,whichisoneofthetwoquantitiesmakingup fluxdensity(eq.(2)).
b addition,reference13 showsthata variationindropletconcentration
overa setofrotatingcylindersintroducesa falserelationbetweencyl-
inderdiameterandrelativecollectionefficiencyandtherebyaffectsthe
droplet-size-distributionandtheliquid-water-contentmeasurement.In
addition,thereistheeffectofthechangein10Cd- droplet-sizedistri-
bution(whichisdiscussedinthefollowingsection)onthemeasurements

—— —. —. .—
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ofliquid-water
measurementsof
interrelated,a

I-3

contentby thecylinders.Becauserotating-multicylinder
liquid-watercontentanddroplet-sizedistributionare
changeinlocaldroplet-size’distributionwillalsoalter

theindicatedliquid-watercontentatthepointof interest.Thesecom-
plicatingfactorsmaketheevaluationofliquid-water-contentdatataken
withrotatingcylindersverydifficultifthecylindersarelocatedclose
totheaircraftfuselage.

Fortunately,mostliquid-water-contentdatatakenwithrotating
multicylindersarenottoomuchh errorfromthesefactors,becausethe
cylindersare,inpractice,generallylocatedfarenoughfromthefuse-
lagesothatapproximatelyfree-streamconditionsprevail.Therefore,
theaverageconcentrationfactorat thepositionofmeasurementgivesa
fairtidicationofthedegreeoferrorinmeasuringliquid-watercontent.
Intypicalinstallations(ref.n), thelowestcylinderisabout16 inches
fromtheaticraftsurfaceandthetopcylinderis about34inchesfrom
thesurface.Withtheassumed100-footellipsoidmovingat 300mphat
15,000feetwithanairtemperatureof 1°F anda “C”distributionwitha
20-micronvolume-mediandropletdiameter,thevariationof concentration
factorisgiveninfigure10(d).At 16 inchesfromthesti.aceC = 1.095
(about10percenthigh),andat 34 inchesC = 1.04(about4 percent
high). Thustheliquid-water-contentmeasurementswouldbelessthan10
percenttoohigh. Actually,thevaluesofliquid-watercontentsuuunarized
b references14and15mayhavea somewhatsmaUererrorduetothis
effectthanindicatedby thisexample,becausemanyofthemeasurements
wereobtainedby usingthelocalairspeedratherthanthefree-stream
velocityforcalculatingthetotalcatchofeachcylinder.However,in
spiteoftherelativelygoodlocationofrotatingmulticylindersxob-
servershavereportedoccasionalcaseswherethelowercylindercaught
excessivelylargeor smallamountsof ice. Thiswasparticularlytrueif
theaticrafthada tendencytoyawduringthemeasurementsandthusslter
thepositionoftheshadowandpeak-concentrationzones.

Droplet-size-distributionmeasurements.- Becausethelocalconcen-
trationfactorisdependentondropletsize,thelocaldroplet-sizedis-
tributionvariesinthevicinityofa bodyofrevolution.Suppose,for
qle~ t~t the*03?let-sizedistributionofa cloudisgivenby

no=~+~+n3 +.. .nj= droplets/cc

wheren
J
= numberofdropletsb the jth sizegroup.Then,sinceeach

droplet-sizegroupwillhavea differentconcentrationfactorata point
inthevicinityofthebodyofrevolution,thereresultsfromequation(7)
(assumingU/v; nearlyequalto 1,as itusuallyisat the z = O and
Z = -0.25positions)

n = nlC1+ n2C2+ n3C3+ . . .‘scs

—.—. ..__ —. -—— —
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n= z IljCj, dro~lets/cc

J
Thus,boththelocalnuuiberofdropletsper

droplet-sizedistributionwillbe differentfrom
When U/v~ isnotnearlyeqml to 1 (e.g.,near
equation(10)hastheform

n= u
F

njcj/v;,j

(lo)

cubiccentimeterandthe
thefree-streamvalues.
thenoseregion),then

~.-lm
(n)

Equations(10)and(n) clearlyindicatethatcareshouldbeexer-
cisedinthechoiceoflocationofdroplet-size-distributionmeasuring
instruments,suchasa cloud-dropletcamera,inordertoavoidregions
inwhicheithertheconcentrationfactorortheratioU/v~ differs
greatlytiom1.

Thedata
to ellipsoids
approximately

CONCLUDINGREMARKS

ofthisreportareapplicableina quantitativemanneronly
ofrevolutionwitha finenessratioof5. Theyalsoapply
inthevicinityofthenosesectionofa bodyofrevolution

thatcanbe physicallymatchedwiththenosesectionofa fineness-ratio-
5 ellipsoidofa givenlength.Becausemanybodiesofrevolutionof in-
terestaredifferentinshapefromanellipsoid,thedataofthisreport
areprimarilyusefulb pointtigoutina qualitativemannerthetypeof
variationinliquid-waterconcentrationthatmightbe expectedh the
vicinityofa bodyofrevolutioninflightthrougha dropletfield.The
anklysistidicatesthat,forsomeconibinationsofthedimensionlesspa-
rametersReo and K, thevalueofthelocalconcentrationofliquid.
watermayvaryfromO to severaltimesthefree-streamvalue,depending
onthelocationofthepointbe3ngconsidered.Further,thecalculations
showthatthema~itudeoftheconcentrationfactoratanypointisvery
sensitiveto chsmgeintheparametersReo and K.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,April26,1954

.

—. — . .



NACATN 3153 I-5

RmmENcEs

1.Brun,RinaldoJ.,Serafini,JohnS.,andGallagherjHelenM.: ln-
pingementofCloudDropletsonAerodynamicBodiesasAffectedby
CompressibilityofAh FlowAroundtheBody. NACATN 2903,1953.

2.Dorsch,RobertG.,Brun,Rinaldo,J.,andGregg,JohnL.: Impingement
ofWaterDropletsonanEllipsoidwithFinenessRatio5 inAxi-
symmetricFlow. NACATN 3099,1$354.

3.hub, Horace:Hydrodynamics.FirstAm.cd.,DoverPub.,1945.

4.Brun,R@d.doJ.,Gallagher,HelenM.,andVogt,DortheaE.: lin-
pingementofWaterDropletsonNACA651-208and651-212A&foils
at4°AngleofAttack.NACATN 2952,1953.

5.Lan@ir, Ikvingjmd Blodgett,KhtherineB.: A MathematicalInves-
tigationofWaterDroplethajectories.Tech.Rep.No.5418,Air
MaterielCommand,AAF,Feb.1.9,1946. (ContractNo.W-33-038-ac-
9151withGeneralElectricCo.)

6.Eraser,D.: Orifice-TypeIceDetector:PreliminaryIcingTunnel
TestsofFunctioningas IceDetector,Rate-of-IcingMeter,andIcing-
SeverityMeter.Iab.Rep.LR-3,Nat.Aero.Establishment,Ottawa
(Canada),July1951.

7.Perkins,PorterJ.,McCullough,Stuart,andIewis,RalphD.: A Sim-
plifiedInstrumentforRecordingandIndicatingFrequencyandIn-
tensityof IcingConditionsEncounteredinFlight.NACARME5U?A6,
1951.

8.Neel,CarrB.,Jr.,andSteinmetz,CharlesP.: TheCalculatedand
Measm?edPerformanceCharacteristicsofa Heated-WireLiquid-Water-
ContentMeterforMeasuringIcingSeverity.NACATN 2615,1952.

9.McCullough,Stuart,andPerkins,PorterJ.: FlightCameraforPhoto-
graphingCloudDropletsinNaturalSuspensionintheAtmosphere.
NAcARME50Kola,1951.

10. Pettit,K.G.: NephelometrichstrumentationforAircrsftIcing
Research.Rep.No.MD-33,NationalRes.Councilof Canada(Ottawa),
Aug.1950.

11.Lewis,William,Perkins,PorterJ.,andBrun,RinaldoJ.: %ocedure
forMeasuringLiquid-WaterContentandDropletSizesinSuper-
cooledCloudsby RotatingMulticyltiderMethod.NACARME53D23,
1953.

— .—. —,— — ._——



16

12.Brun,RinaldoJ.,andMergler,HarryW.:
letsona Cylinderinan Incompressible

NACATN 3153

Impinge-tofWaterDrop-
FlowFieldandEvaluBtion

ofRotatingMulticylimlerMethodforMeasurementofDroplet-Size
Distribution,Volume-MedianDropletSize,andLiquid-WaterContent
inclouds.NACATN 2904,1953.

13.Lewis,William,ntie,DwightB.,md Steinmetz,CharlesP.: A Fur-
therkvestigationoftheMeteorologic~ConditionsConduciveto
hC173ft Ic3ng. NACATN 1424, 1947.

14.Lewis,William,andBergrun,NormanR.: A ProbabilityAnelysisof
theMeteorologicalFactorsConducivetoAircraftIcingh theUnited
States.NACATN 2738,1952.

15.Hacker,FWl T.,andDorsch,RobertG.: A SummaryofMeteorological
ConditionsAssociatedwith&craft Ic3nganda fioposedMethodof
SelectingDesignCriterionsforIce-I&otectionEquipment.NACATN
2569,1951.

~
A
N-)

.

.

—



CE-3 31(X

TABLE I. - RELATION OF DIHEWJCNLESS PARAMS~S TO BODY SIZS AND ATMCK9FHERICMU) PLIGHT CONDITIONS

Ellip
noid
veloo
ity,
u,

mph

50

Drop- Major
let ads,

Pranaure altitude, ft

diam- L, 5004 15,000 25,~
etar, ft

Atmoa -
phmio
cOndi -
tion

Cloud
drOp-
leta

)rizzl E

lain

‘G
w

ii‘2m -
-25

Reo I K 1/%

119.s
1195
3976

Reo K

I

l/K

T10.72 o.cxm383
10.72 .mQ63$3
10.72 .m02515

53.62 0,2096
53.62 .02096
SS.62 .@6289

10 3 14.7 0.0CE3123 123.1
14.7 .C.XX312S 1251

1% 14.7 .cccQ437 4103

7.856
7.838
7.836

39.17
39.17
39.17

4.771
47.71

159.0

50 3 I 73.54 0.20s1 I 4.924
30 73.E4 .a2031 49.24

10Q 73.64 .cmo92 164.1
I

103

500

i@)

.00

;m

+

42.89 0.02012
42.09 .m4w4
42.89 .(X06707

128.7 0.06037
128.7 .01267

49.70
246.5

1491

31.34
31.34
31.34

94.m
94,00

16,56
82.85

662,7
I I

10 j lm 88.2 0.031462 684.0 47.01
I

0.CQ1683 6s1.7
I 1 [ 1

20 $00 17.s.4 0.CKE646 171.1
300 176.4 .001949 513,1

165..s
497.0

94.00
94.00

0.CK16330I 156.0
.Wllo 473.9

20 294.1 I 0.09745 I 10.26
:: 294.1 .01949 51.31

103 294.1 .0C9745 102.6

+

214.5 0.1006
214.5 .of?o12
214.5 .01W6

536.2 2,096
S36.2 .2096
536.2 .08289

9.940
49.70
99.40

156.7
156.7
156.7

O.lm I 9.479
.02110 47.39
.01035 94,79

50 3 736.4 2.031 0.4624
735,4 .2031 4.224

1% 735.4 .06092 16.41

0.4771
4.771

15.90

391.7
391.7
391.7

2.198

I
0,4560

.2198 4.550

.06s94 15.17I I I I I
m 10 11176 7.798 0,1283 857.7 I 8.030 0.1242 626.7 .9.442 I 0,1185

2574 I 2.415
2574 .8W0

0.4141
1,242

0.7462

laao
1880

2.632
I

0.3949
,8440 1.1s5

I 1

1.407 0.7107m

00

4289 I 1.342 3134

m 0.03513
.06627
.1988

4701
4701
4701

P
-1



——

18

TABLEII.- “C”DROPLET-SIZEDISTRIBUTION

(ref.5)

Totalliquid Ratioofav.drop
waterineach diam.ofeachgrow
mw> tovolume-median

percent dropletdiam.,
‘/&d

5 0.42

10 .61

20 .77

30 1.00

20 1.26

10 1.51

5 1.81 I
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(c) Iceaccumulationon pressureprobe.

Figwe 1.-Concluded.Ice fommtionsonB-25ajrcraft after f~@t at ZMI @
through supercooledclouds.

--—— .—. —— — .—



N

(

I

r.

Fip 2. - Coordinatesystemfor droplet trajectory calculations.

CN
P
ol
w

9012



S106

I

-1.00 Axia cuntanoe, =

1
-.50

-.25

I
o
I

StaPtlng
OMlnata ,

Po

0.13

.11
/

.09
..0 A

.08

.06

.05

.03 /

.02

.01

3

Figure S. - Droplet trajectories about elllpaold of fineneaa ratio S for free-stream Reynolds number Reo
@ 128 and lfi of 15.
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